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Abstract 

Necrotic enteritis is a multifactorial, complex disease that is prevalent within the 

poultry industry, subsequently costing US$6 billion, annually. The number of emerging 

cases has increased in recent years, attributed to the ban of antibiotic growth 

promoters. Necrotic enteritis is caused by the NetB toxin of Clostridium perfringens, 

however, the specific role of this toxin in the induction of disease is often disputed. 

The aim of this study was to phenotypically characterise isolates of C. perfringens, 

originating from UK sourced poultry of varying disease statuses, in an attempt to 

identify characteristics that may predict the potential virulence in vivo. Within this 

study, the phenotypic analysis involved the investigation of growth kinetics, biofilm 

production and haemolysis capability. The semi in vivo analysis of isolates utilised the 

Galleria mellonella larval model to identify whether phenotypic analysis would 

accurately represent virulence. This study demonstrated the effective use of rapid, cost 

effective assays to phenotypically characterise isolates of C. perfrignens. Significant 

differences (p<0.05) were identified in biofilm formation and G. mellonella morbidity, 

between isolates originating from commensal and clinical origins. The results of this 

study established that isolates of identical toxin types are able to produce varying 

phenotypic profiles, further highlighting the importance of characterisation in this 

manner.  
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1 Introduction 

1.1 Broiler Chicken Industry 

Broiler chickens are birds that are intensively reared for commercial meat production. 

In the UK the demand is ever-growing as poultry comprises 31% of the total meat 

consumption (Jones et al., 2019). In the UK, the demand for poultry meat (specifically 

chicken) directly reflects the number of hatchlings placed into a poultry rearing 

environment. Between 2018 and 2019 the number of hatchlings placed increased by 

3.9%. In 2019, within the UK, it was reported that ~80 million broilers were 

slaughtered per month producing approximately 124,000 tonnes of meat (Department 

for Environment, Food and Rural Affairs, 2020). The poultry industry is immensely 

economically beneficial, directly employing 37,000 people and the revenue in 2019 

alone being estimated around £4 billion (IBIS World, 2019; Kaul, 2018). 

The demand for higher outputs from the poultry sector has seen a rise in ‘production 

associated diseases’ (Jones et al., 2019). Production diseases cover various pathogenic 

infections, physical conditions that arise from the strain of selective breeding to 

increase performance, and physical damage from the environment during the rearing 

process (Jones et al., 2019). These conditions bear extensive economic effects both 

internally and externally to the farm (Bennett, 2012). The internal effects are more 

direct and include loss of livestock, due to mortality, which in turn reduces the overall 

output quantity or quality of birds. This also requires increased input from the farmers 

in an attempt to prevent or treat these issues. The external economic effects are more 

widespread, such as the costs and impacts of any associated human health problems 

caused by production diseases, such as food poisoning outbreaks, and the research 

costs of combatting the conditions before they potentially impact the global food 

market (Bennett, 2012). 

1.2 Necrotic Enteritis 

Avian necrotic enteritis (NE) is an enteric disease caused by uncontrolled proliferation 

of the anaerobic bacterium Clostridium perfringens. The bacterium is a Gram-positive, 

spore forming bacillus that is found ubiquitously within the environment and the 

gastrointestinal tract of humans and animals (Coursodon et al., 2012). In the past, NE 
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has been controlled by the use of in-feed antibiotic growth promotors (AGPs), 

however, in 1999, the EU banned their use. The ban came into force in 2006 and many 

countries subsequently followed suit by enforcing restrictions in the years proceeding 

this. This was done in an attempt to combat the ever-growing problem of antibiotic 

resistance and the public backlash of consuming food laced with antibiotic residues. 

Since the ban of AGPs in 1999, the incidence of NE cases has been increasing, which 

has accumulated to an annual estimated worldwide cost of US$6 billion (Lepp et al., 

2019; Wade and Keyburn, 2015). 

C. perfringens is present within the natural flora of the chicken intestine at around 

102-104 CFU/g of intestinal contents. However, in a bird suffering from NE, the 

bacterial counts increase to 107-109 CFU/g. This increase is not directly indicative of 

NE, full diagnosis requires isolation of C. perfringens, coupled with the identification 

of necrotic lesions within the small intestine (most commonly, the jejunum). These may 

be focal, multifocal or coalescing lesions that must be distinguished from postmortem 

putrefaction of tissues, which often leads to an incorrect diagnosis of NE (Shojadoost 

et al., 2012; Smyth, 2016). The disease can present as subclinical or clinical, clinical 

cases are identifiable by  depression, anorexia, dehydration, diarrhoea and a reduced 

food intake. Contrastingly, subclinical NE is associated with an absence of visible 

symptoms. Clinical disease often progresses quickly and results in death of ~50% of 

the flock (Skinner et al., 2010). Subclinical disease usually results in an increased feed 

conversion ratio (FCR) of ~10.9% per flock, however, doesn’t usually result in mortality, 

and therefore may remain unidentified (Skinner et al., 2010; Keyburn et al., 2010). The 

subclinical form of disease is of high economic importance due to the cost that 

accompanies an increased FCR, coupled with the fact that the exact cause of NE is still 

widely debated with no current effective treatment (Songer, 1996). 

Broilers are often predisposed to NE after exposure to a coccidial infection, due to the 

production of excess nutrients, the release of amino acids caused by tissue damage 

and increased mucus production associated with the parasitic infection. All of these 

factors in conjunction provide an excellent environment for the proliferation of C. 

perfringens (Forder et al., 2012). Other predisposing factors include; high protein diets 
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such as fishmeal, and stress factors such as nutrient deficiency and overcrowding 

(Rodgers et al., 2015). 

The pathology of the disease begins with an important displacement of commensal C. 

perfringens strains with pathogenic strains capable of causing NE. These strains are 

then capable of penetrating the mucus layer in the epithelial cell wall and binding to 

the epithelial cells (Fasina and Lillehoj, 2019; Timbermont et al., 2009). For many 

years, the cause of NE was believed to be the alpha toxin of C. perfringens (encoded 

by the gene cpa/plc), this was discredited when a plc knockout mutant was still able to 

cause disease (Keyburn et al., 2008). The newly discovered netB toxin gene isolated 

from C. perfringens originating from a bird with NE is now thought to be the key 

virulence factor. This toxin is part of the pore-forming toxin family and is capable of 

forming pores within the cell membrane of host cells, resulting in the leakage of cell 

contents and eventually, cell death (Prescott et al., 2016). NetB was able to cause 

characteristic lesions seen in clinical cases of NE, this lead to the creation of a netB 

mutant strain that demonstrated avirulence within the broiler model. This virulence 

was restored after complementation with the wild-type netB gene. Consequently 

confirming that the NetB toxin fulfils the requirements of molecular Koch’s postulates 

and was therefore named a key virulence factor in NE (Keyburn et al., 2008). Despite 

the widely accepted theory that NetB is the essential virulence factor in strains causing 

NE, one study in Canada found that only 35% of isolates (20 total samples) found in 

healthy broilers were positive for the netB gene (Chalmers et al., 2008). 

1.3 Coccidiosis 

Coccidiosis is a disease caused by several species of the enteric coccidian parasite; 

Eimeria. Each species is extremely host specific, meaning it will rarely complete a 

single life cycle in more than one host species. The parasite is capable of penetrating 

the intestinal mucosa of the host which leads to epithelial cell damage and 

inflammation (Yun et al., 2000). Left uncontrolled within the population, the mortality 

rates can become much higher than populations in which control measures are in 

place. This includes live wild-type vaccines containing modest numbers of oocysts in 

an attempt build natural immunity. However the nature of transmission of the parasite 
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can lead to further infection with the use of live vaccines if adequate control measures 

are not implemented. Alternative treatments involve the use of ionophores which 

result in a disruption of membrane integrity during the sporozoite and merozoite 

stages of replication (Shivaramaiah et al., 2014). There have also been reports of 

synthetic drugs in the control of coccidiosis, these act in a similar manner to 

ionophores (Mathis et al., 2004) Transmission between individuals occurs through the 

excretion of oocysts released during the last stage of the reproductive life cycle. These 

oocysts are the infective agent and remain viable outside the host, therefore 

transmission occurs at higher rates in dense populations (Blake and Tomley, 2014). 

Once an individual is infected with the parasite it has been reported to alter the 

microflora of the gastrointestinal tract, which in turn can lead to an abundance of 

opportunistic pathogenic bacteria such as Salmonella spp. and Clostridium spp. (Wu 

et al., 2014). The presence of this parasite within the broiler chicken industry has been 

previously reported to have estimated annual costs of US$3 billion (Dalloul and 

Lillehoj, 2006). The life cycle of the Eimeria genus is shown in Figure 1. 
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Figure 1: The life cycle of the Eimeria genus of parasite, the causative agent of 
coccidiosis. 1) Sporulation (occurs outside the host. Requires oxygen and takes several 
days). 1a) The oocyst is shed within the host faeces. 1b) Unsporualted oocyst (non-
infectious). 1c) Sporulated oocyst (infectious). 1d) Oocyst is ingested and enters the gut. 
2) Excystation. 3) Oocyst releases sporocysts. 4) Sporocyst releases sporozoites. 5) 
Sporozoites invade gastrointestinal epithelial cells. 6) Trophozoite. 7) Schizont. 8) 
Merozoites released from schizont. 9) Re-infective cycle. 10) Male and female gametes. 
11) Developing oocyst. Adapted from Impextraco, USA., (2019).



1.4 C. perfringens 

C. perfringens is an opportunistic, enteric pathogen that is present within the 

gastrointestinal tract of humans and animals. It is known to be one of the most widely 

distributed pathogens and is capable of forming spores that remain dormant but 

viable, until it can re-enter a host and replicate in optimal conditions (Lindström et al., 

2011). It has been reported to have the lowest recorded bacterial doubling time of 

around 8 minutes, when incubated at 43ºC in optimal media (Kiu and Hall, 2018). 

The bacterium was first isolated in the early 1890s during an autopsy in which gas 

bubbles were noted within infected blood vessels, and it was originally named 

Clostridium welchii (Welch and Nuttall, 1891). The bacterium was also formerly known 

as Bacillus welchii, Bacillus aerogenes capsulatus and Bacillus perfringens (Kiu and 

Hall, 2018). C. perfringens was originally classified into five groups (A-E) based upon 

the combination of the four major toxin genes (cpa, cpb, etx and itx) the isolate 

harboured (Sterne and Warrack, 1964; Rood and Cole, 1991). This toxin typing system 

has recently been updated to include the netB and cpe genes and therefore, the toxin 

types are now A-G (Table 1; Rood et al., 2018). The organism is known to produce an 

arsenal of over 20 extracellular toxins, in various combinations, contributing to this 

bacterium’s pathogenesis in a variety of diseases (Kiu et al., 2017). It has been 

reported that toxin production resulting in cell lysis provides C. perfringens with amino 

acids required for proliferation (Uzal et al., 2014) 
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Table 1: The updated toxin-typing system for isolates of C. perfringens. Isolates are 

categorised as type A-G based upon the combination of the six major toxin genes the isolate 

harbours (Rood et al., 2018). 

1.4.1 Regulation of Toxin Production 

C. perfringens ability to produce an arsenal of potentially lethal toxins plays a pivotal 

role in its ability to be virulent within the host. C. perfringens possesses a two 

component system that is responsible for the positive regulation of toxin production. 

The VirR/VirS system, first discovered in 1994, is encoded on a plasmid, however the 

system is capable of regulating production of toxin genes located on the chromosome 

and on plasmids (Yu et al., 2017). The system is comprised of two genes, virR and virS, 

which encode a response regulator and sensor histidine kinase, respectively. The 

sensor histidine kinase is responsible for detecting specific environmental stimuli which  

leads to an autophosphorylation event. The phosphoryl group is then transferred to an 

aspartate residue within the response regulator. Once phosphorylated, the response 

regulator can act as a transcription factor by binding to promotor regions within the 

desired gene (Ohtani, 2016). The activation of the virS gene is due to the binding of 

small auto-inducing peptides, produced by the accessory gene regulator (Agr) system. 

The Agr system is quorum sensing dependent and is used to co-ordinate cell 

behaviour when cell density is high (Ohtani and Shimizu, 2016). The VirR/VirS system 

positively regulates the expression of plc, pfoA, colA and cpb2. The involvement of 

the Agr system differs with strain type, sometimes for the same toxin gene; Type B etx 

is not regulated by the Agr system but in Type D strains the gene is regulated by the 

Agr system (Chen and McClane, 2012). 

Toxin Type cpa cpb etx itx netB cpe

A + - - - - -

B + + + - - -

C + + - - - +/-

D + - + - - +/-

E + - - + - +/-

F + - - - - +

G + - - - + -
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1.4.2 Major Toxins 

1.4.2.1 Alpha Toxin 

The alpha toxin (CPA) is encoded by the structural gene cpa/plc, which is 

chromosomally encoded and is present within all strain types of C. perfringens 

(Keyburn et al., 2006). The toxin is a zinc metallophospholipase which possess 

phospholipase C and sphingomyelinase activity (O’Brien and Melville, 2004). 

Sphingomyelinase is capable of disrupting lipid rafts which can cause negative effects 

on cellular responses and potentially disrupt cell differentiation (Takehara et al., 2016). 

It is closely related to other bacterial phospholipase C enzymes such as Listeria 

monocytogenes PLC-B, Clostridium bifermentans PLC and Bacillus cereus PC-PLC. 

The toxin is capable of causing cell lysis by disrupting host cell membranes, this effect 

can be limited when the concentration of toxin is low (Urbina et al., 2011). The alpha 

toxin is responsible for causing clostridial myonecrosis (gas gangrene) in humans, 

characterised by extensive tissue necrosis (Revitt-Mills et al., 2015; Titball, 2005). 

1.4.2.2 Beta Toxin 

The beta toxin (CPB) is encoded by the gene cpb which is located on a large virulence 

plasmid, and it is one of the six major typing toxins. It is produced by isolates that are 

type B and C, exclusively. The toxin is moderately similar to the beta-pore forming 

toxins and delta toxin of Staphylococcus aureus (Navarro et al., 2018). Beta toxin is 

reported to target endothelial cells and enterocytes by creating channels within the 

membranes, that allow for the free passage of monovalent cations (Li et al., 2013). 

Beta toxin is highly sensitive to heat, it has been shown previously that 90% of the 

lethal activity of the toxin will be lost when subjected to heat conditions of 50ºC for 

one hour. It is also highly sensitive to proteases, specifically trypsin, and is only active 

when a trypsin inhibitor is present (Riosco et al., 2012; Rasool et al., 2017). Disease 

associated with the production of CPB is more commonly seen in neonates due to the 

reduced levels of trypsin, a favourable condition for CPB production. Type B and C 

disease is not restricted to, but most commonly seen in; cattle, sheep, horses and 

pigs. Type B disease has been reported to be geographically restricted to parts of 

Europe, the Middle East and South Africa (Li et al., 2013). Type C C. perfringens is the 

causative agent of enteritis necroticans, commonly termed ‘pigbel’ due to the 
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tendency of cases to arise following pig feasting activities. Despite the name of the 

disease, it is not always caused by the overconsumption of pork (Murrell, 1983). The 

prevalence of this disease is high in regions, such as Papua New Guinea, that consume 

large quantities of sweet potato, which acts as a trypsin inhibitor, subsequently 

predisposing individuals to enteritis necroticans (Lawrence and Walker, 1976). 

1.4.2.3 Epsilon Toxin 

The gene etx encodes the epsilon toxin (ETX) and is expressed by isolates that are 

toxin type B and D. The gene is located on a plasmid that is ~65kb in type B isolates 

that can also carry the cpb2 gene. However, in type D isolates, the plasmid can range 

in size from 48kb - 110kb and has been known to also carry the cpe and cpb2 genes 

(Bokori-Brown et al., 2011). The ETX toxin is ranked among the most potent clostridial 

toxins after the botulinum and tetanus toxins, and is known to have an LD50 (lethal 

dose to cause 50% mortality) of 100ng/kg in mice (Li et al., 2013; Rasool et al., 2017). 

Epsilon toxin is a pore forming toxin, that is initially secreted as a prototoxin that is 

subsequently activated by proteases (Cole et al., 2004). The pores created by the ETX 

toxin enable an increase of Cl- and Na+ into the cells and the rapid loss of K+ ions, the 

latter causes rapid cell death (Petit et al., 2001). In many species, infection with type D 

bacteria predominantly results in neurological disorders due to the ETX toxin’s ability 

to cross the blood-brain barrier and affect tight junctions within the brain (Zhu et al., 

2001). 

1.4.2.4 Iota Toxin 

The iota toxin is expressed by type E strains, which makes up around 5% of the overall 

isolates of C. perfringens (Redondo et al., 2017). It is a binary, ADP-ribosylating toxin 

that is comprised of an enzymatic component (Ia) and a binding component (Ib). 

These are encoded for by the genes ia and ib, respectively, and are located on a 

plasmid that can vary in size (Barth et al., 2004). Both Ia and Ib are secreted as 

proproteins that become activated when the N-terminal is removed by interacting with 

host proteases (Li et al., 2013). The two components individually are non-toxic, 

however, when they act in conjunction, they become cytotoxic, with one study 

describing a decrease in transepithelial resistance of the monolayer when the toxin 
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was applied to the CaCo-2 cell line (Richard et al., 2002). The toxin is also capable of 

causing disorganisation of actin filaments, which leads to a disruption of the 

cytoskeleton within the host cell that can eventually cause cell death (Sakurai et al., 

2009). Type E isolates are associated with haemorrhagic enteritis, usually found in 

cattle and rarely in sheep, goats and rabbits (Kim et al., 2013; Knapp et al., 2016). 

1.4.2.5 Enterotoxin 

Enterotoxin (CPE) is produced by approximately 5% of all C. perfringens isolates, 

these can be type C, D or E. Recently the new toxin typing system named this as a 

typing toxin that is produced by type F isolates (Table 1; Rood et al., 2018). The 

protein is encoded by the gene cpe that can be chromosomal or located on a plasmid 

(Li et al., 2013). The toxin is part of the aerolysin, pore-forming toxin family, and is 

reported to act by binding to claudin tight junction proteins. The pores created by the 

action of CPE result in an increase of intracellular Ca2+ ions, which can ultimately cause 

cell death when the toxin is present in high concentrations (Chakrabarti and McClane, 

2005). The toxin causes necrosis and blunting of the villi within the gastrointestinal 

tract of infected hosts (McDonel, 1980). Type F associated disease in humans causes 

diarrhoea and abdominal cramps that are characteristic of food-borne illness. This is 

identifiable by the presence of CPE positive C. perfringens within the faeces 

(Freedman et al., 2016).  

1.4.2.6 Necrotic Enteritis Beta-like Toxin 

A more recently discovered toxin produced by C. perfringens is the necrotic enteritis 

beta-like toxin (NetB). It was first isolated in 2008 from an avian necrotic enteritis origin 

(Keyburn et al., 2008). It is encoded by the netB gene, which is located on a 45kb 

pathogenicity locus termed NELoc-1 which is found on a plasmid of approximately 

85kb (Lepp et al., 2013). The NetB toxin is part of the beta pore-forming toxin family, 

and is able to form pores of ~1.7nm within the host cell membrane. It has been 

documented to interact with cholesterol to enhance the process of forming a pore. 

The toxin is closely related to another C. perfringens toxin; CPB, another beta pore-

forming toxin, reportedly sharing 38% similarity (Savva et al., 2013). Since the 

expansion of the toxin typing system, NetB is now classified as a typing toxin, these 
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isolates are type G (Rood et al., 2018). The NetB toxin is primarily associated with 

avian NE with a much higher prevalence of the netB gene found in isolates from 

diseased chickens when compared to healthy individuals, however, predisposing 

factors are found to still play a key role in pathogenesis of NE (Rood et al., 2016). The 

toxin is cytotoxic to the chicken leghorn male hepatoma cell line, resulting in cell 

rounding and lysis (Timbermont et al., 2011). 

1.4.3 Minor Toxins 

1.4.3.1 Beta2 Toxin 

The beta2 toxin (CPB2) is among the non-typing toxins that can be expressed by all 

strain types of C. perfringens and despite its name, only shares 15% similarity to the 

beta toxin (CPB) (Schotte et al., 2004). The toxin is categorised as a putative pore-

forming toxin which is encoded by the cpb2 gene, located on a 50kb plasmid (Gibert 

et al., 1997). Despite the toxin having no confirmed association to disease in either 

human or animal hosts, it has demonstrated an LD50 of 3µg when injected 

intravenously in mice. It has also been reported to have cytotoxic effects on cell lines, 

one example being the CHO cell line (Chinese hamster ovary cells), to which an 

applied dose of 20µg/mL can exhibit effects such as cell rounding and detachment of 

the cell monolayer (Li et al., 2013). The expression of this toxin is positively regulated 

by the two-component system VirR/S (Ohtani et al., 2003). 

1.4.3.2 Toxin C. perfringens Large Cytotoxin (TpeL) 

The largest of the clostridial toxins is the recently discovered TpeL, which is a member 

of the clostridial glycosylating toxin family (CGT), specifically targeting the Ras 

subfamily of proteins within host cells. The CGT toxin family also includes the A and B 

toxins of Clostridium difficile (Revitt-Mills et al., 2015). The toxin is encoded by the 

tpeL gene which is located on the same plasmid harbouring the cpb gene, located 

~3kb downstream (Chen and McClane, 2015). The TpeL toxin contains three active 

domains that play a role in the function of the toxin; an N-terminal domain, a cysteine 

protease domain and a putative pore-forming and delivery domain (Guttenberg et al., 

2012). The TpeL toxin can be expressed by isolates of toxin type A, B and C. The 

expression of this toxin has not been confirmed to cause disease within a host, 

Page  of 10 78



although one study showed it may enhance the pathogenesis of avian NE (Coursodon 

et al., 2012). 

1.4.3.3 Binary Enterotoxin 

Another recent discovery in the arsenal of toxins produced by C. perfringens is the 

ADP-ribosylating binary enterotoxin (BEC) isolated from CPE-negative gastroenteritis 

in Japan (Revitt-Mills et al., 2015; Yonogi et al., 2014). The BEC toxin is comprised of 

BECa and BECb components which exhibit functions similar to the enzymatic and 

binding components of other binary toxins, such as the iota toxin of C. perfringens 

(Yonogi et al., 2016). There is evidence to show that the function of BECb is to 

translocate BECa into the cytoplasm of host cells in which they can act synergistically 

to cause gastroenteritis. The BECa and BECb components are encoded  by the becAB 

genes which are located on a 55kb plasmid. For many binary toxins it has been shown 

that the individual components are not capable of causing cytotoxic effects unless 

they act in conjunction, however, BECb demonstrated enterotoxic effects within a 

mouse model in the absence of BECa (Yonogi et al., 2014). 

1.4.3.4 Perfringolysin-O 

Perfringolysin-O (PFO) is a member of the cholesterol-dependent cytolysin toxin 

family, characteristically creating pores in membranes containing high concentrations 

of cholesterol (Heuck et al., 2007). Perfringolysin-O is encoded by the chromosomal 

gene pfoA which is regularly isolated from C. perfringens of all toxin types, although it 

is notably absent in many strains encoding enterotoxin (Verherstraeten et al., 2015). 

The direct role of PFO in disease is not well defined, however, multiple studies have 

reported the ability of the toxin to act in synergy with alpha toxin to enhance the 

pathogenesis of clostridial myonecrosis (Awad et al., 2001). It has also been 

established that PFO can augment the pathogenesis of type D enterotoxemia (Garcia 

et al., 2013). 
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1.4.3.5 Collagenase 

The collagenase enzyme of C. perfringens is commonly denoted as the kappa toxin 

and is possessed by numerous isolates, not limited by toxin type. It is encoded by the 

colA gene which is chromosomal bound (Awad et al., 2000). Collagen is a major 

organic component of many tissues, including bones, teeth and connective tissue. The 

function of the kappa toxin is to hydrolyse collagen which results in a loss of integrity 

of these tissues which can lead to degradation, commonly seen in clostridial 

myonecrosis. Despite this, the toxin is not considered a major virulence factor 

(Harrington, 1996).  

Despite the knowledge that strains of C. perfringens are capable of expressing over 20 

extracellular toxins in a variety of combinations, there are currently are no reports of a 

single strain that is able to express every toxin. This in turn results in distinct toxigenic 

profiles that are associated with various disease pathologies which are often 

attributable to the presence of a singular toxin (Goossens et al., 2020). The limitation 

in the quantity of toxin genes an isolate can express could be, in part, due to the 

genes being encoded on plasmids. Some of these may exhibit incompatibility with 

one another, a prime example being the itx and cpb genes, encoding for iota toxin 

and beta toxin, respectively (Li et al., 2013). 

1.5 Biofilm Formation in C. perfringens 

Biofilms were first described in 1684 by Anthonie Van Leeuwenhoek and were defined 

as bacterial populations that are able to adhere to surfaces and one another. These 

populations are embedded within a matrix comprised of extracellular polymeric 

substances (Costerton et al., 1987; Sutherland, 2001). Although bacterial biofilms are 

most commonly reported, they have been documented within fungal species, such as 

Candida albicans (Blankenship and Mitchell, 2006). Naturally occurring biofilms are 

often heterogenous, however single species biofilms are possible and do occur, 

however, this is less frequent (Yang et al., 2011).  
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The process of biofilm formation is generally initiated as a result of unfavourable 

environmental conditions such as the exposure to antimicrobials or due to the 

triggering of the host immune response (Verstraeten et al., 2008). The process of 

biofilm formation involves four major stages; 1) the transport of bacterial cells to a 

solid surface. 2) Initial adhesion mediated by physical interaction forces, for example, 

Van der Waals and hydrophobic interactions. 3) The synthesis of extracellular 

polymeric substances which facilitates irreversible adhesion. 4) Individual cells or 

clumps are dispersed, this action may be passive or active (O’Toole, 2003). The 

attachment of biofilms to host cell surfaces is often employed as a defensive 

mechanism for extracellular pathogens, in order to evade the mechanical clearing 

systems of the host. However, the formation of a biofilm by intracellular pathogens is 

often an essential prerequisite for the uptake of the pathogen into the host cell (Boyle 

and Finlay, 2003). Within many species, biofilm formation is mediated, and in some 

cases, enhanced by the presence of cell surface appendages such as flagella, pili and 

extracellular polysaccharides (Mandlik et al., 2008). 

Bacteria within biofilms represent the most prevalent organisational state of bacterial 

populations within nature (Costerton et al., 1999), potentially due to the increased 

resistance towards environmental stress factors of bacterial cells enclosed within 

biofilms (Jessen and Lammert, 2003). Additionally, bacteria enclosed within biofilms 

demonstrate increased resistance towards antimicrobials, potentially due to the 

inability of the antimicrobial to diffuse through the matrix comprised of extracellular 

polymeric substances (Zhang and Mah, 2008). This ability of biofilms to persist on 

surfaces can pose risks within the food industry, due to the ability of common food-

borne pathogens to adhere to meat surfaces. Notable biofilm forming pathogens that 

may lead to health concerns due to the consumption of contaminated food are; 

Salmonella enterica (Giaouris et al., 2012, 157-180), L. monocytogenes (Beresford et 

al., 2001), Escherichia coli (Berry and Wells, 2010), Campylobacter spp. (Keener et al., 

2004) and S. aureus (Hennekinne et al., 2012). 
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C. perfringens is a notable pathogen of both humans and animals that possesses the 

ability to form biofilms or integrate within dual-species and multi-species biofilms 

(Varga et al., 2006; Pantaléon et al., 2014). Within this species, the possession of a 

type IV pilus in conjunction with the catabolite control protein result in enhanced 

biofilm formation (Varga et al., 2008). It has been demonstrated that C. perfringens 

encased within a biofilm experience greater protection against atmospheric oxygen 

and antimicrobial agents than vegetative cells (Charlebois et al., 2014). The ability of 

C. perfringens to persist on surfaces within biofilms can increase the risk of food-borne 

illness, due to the ineffectiveness of many disinfectants used within the food industry 

(Charlebois et al., 2017). 

1.6 Use of the Galleria mellonella Model 

Invertebrates are often used as a preliminary study before mammalian model trials, 

which are often costly and time consuming, due to long reproduction times and the 

increased demand of maintenance. Insects are commonly chosen due to rapid 

reproduction times and the low cost and ease of maintenance. They also possess a 

basic innate immunity that is comparable to that seen in mammals (Tsai et al., 2016). 

Current widely used insect models include Drosophila melanogaster (fruit fly), 

Manduca sexta (tobacco hornworm), Bombyx mori (silkworm), Danio renio (zebrafish) 

and Caenorhabditis elegans (nematode) and G. mellonella (wax moth) (Browne et al., 

2013). 

The G. mellonella larval model is becoming an increasingly popular model system in 

the assessment of virulence of a plethora of pathogens, including, but not limited to; 

Pseudomonas aeruginosa (Jander et al., 2000), C. albicans (Brennan et al., 2002) and 

Campylobacter jejuni (Senior et al., 2011). This model is thought to be a viable 

alternative to mammalian trials, in part, due to the ease of acquisition and 

maintenance of the species, coupled with the fact they are not held to the same 

ethical considerations as mammalian species (Jacobsen, 2014). The larvae are 

inexpensive to acquire considering their primary use as reptilian pet food. The 

increased size of the larvae, when compared to other insect models, allows for a much 

more accurate and less time consuming dosing, this consequently allows for a high 

Page  of 14 78



throughput of experiments with results often being obtained after three days (Desbois 

and Coote, 2012; Ramarao et al., 2012). 

The larvae are able to survive at 37ºC, unlike many of the alternative non-mammalian 

models such as D. melanogaster, which has proven to be a valuable trait when 

investigating specific virulence factors (Tsai et al., 2016). The larvae possess an 

immune system that is comparable to that of the innate system of vertebrates, which is 

attributable to the action of phagocytic cells that exhibit comparable structure and 

function in both vertebrates and invertebrates. The virulence displayed in the larvae 

due to the presence of these pathogens has been shown to correlate with results 

previously reported in mammalian trials (Browne et al., 2013). 

1.7 Aims and Objectives 

In the early research of NE, the widely accepted theory stated alpha toxin was the key 

virulence factor in the induction of the disease, this theory was disproven by the ability 

of a cpa mutant to induce disease (Keyburn et al., 2008). Current research led to the 

discovery of the netB gene, isolated from several suspected NE cases. Often, the 

presence of NetB within an isolate sourced from avian origin has since been used as 

the sole diagnosing factor in cases of NE, due to the assumption that the NetB toxin is 

necrotic enteritis specific (Keyburn et al., 2010). Necrotic enteritis is a complex disease 

which begins with an onset that is multifactorial, due to the requirement of 

predisposing conditions in order to create an environment that is beneficial for over 

proliferation of C. perfringens (Lanckriet et al., 2010). Part of this complexity also lies 

within the fact that there is no reliable and easy method of diagnosis. Current 

diagnosis requires an examination of the gastrointestinal tract of an infected bird for 

lesions, which are often difficult to identify, post-mortem. An accurate diagnosis 

cannot be made solely based upon the presence of the bacteria, due to its commensal 

nature within the gastrointestinal tract (Smyth, 2016). In-depth investigation of specific 

strains of C. perfringens often entails costly genomic research, such as complete 

sequencing (Chalmers et al., 2008) or real-time PCR (Wu et al., 2011). These methods 

are time consuming and often require specialist training which does not allow for a 

high throughput virulence screening method for isolates of C. perfringens.  
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The primary aim of this study was to test a variety of phenotypic characteristics of C. 

perfringens isolates, using rapid and cost-effective assays, in an attempt to identify 

traits that may predict the virulence potential of the isolate.  

The objectives were as follows:  

1) Genotypically characterise C. perfringens from a variety of sources of both clinical 

and commensal origin. 

2) Develop bioassays in order to phenotypically assess distinct characteristics and 

capabilities of C. perfringens isolates in vitro. 

3) Explore the extent to which phenotypic analysis is an accurate representation of 

virulence through investigation using the G. mellonella larval model. 
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2 Methods 

2.1 Bacterial Selection and Acquisition 

Crude bacterial preparations were sourced from the Arden Biotechnology repository 

(Lincoln, UK). Thirty nine samples were chosen based on the acquisition source 

(necropsy of healthy intensively farmed broiler chickens, retail chicken breast, 

environmental samples and necropsy samples from broiler chickens with suspected 

disease). Twenty two of the samples were not associated with any forms of disease, 16 

were isolated from chickens with suspected enteric disease. The standard reference 

strain, ATCC 13124 was also included in this cohort. This isolate was originally sourced 

from human appendiceal abscesses in 1898 (Veillon and Zuber, 1898). All samples 

were stored in 1mL of 70% brain heart infusion (BHI) stocking media in 2mL cryovial 

tubes (Fisher Scientific, UK) and frozen at -80ºC (for specific media preparations, see 

Appendix). 

2.2 Isolate Purification 

Previously frozen samples were streak plated onto tryptose sulphite cycloserine agar 

(Oxoid, UK; 200µg/mL cycloserine). The plates were incubated at room temperature 

for ~30 minutes before being overlaid with molten TSC agar (~45ºC). Plates were 

incubated overnight at 37ºC in an anaerobic chamber (10% O2, 10% H2, 80% N2) (Don 

Whitley Scientific, UK). Once pure, single black colonies were achieved through TSC 

purification, they were streak plated onto BHI agar (Oxoid, UK) and incubated 

anaerobically, overnight at 37ºC. Colonies obtained from BHI streak plates were Gram 

stained to presumptively identify the presence of Gram-positive bacilli. 

2.3 Isolate Characterisation 

2.3.1 DNA Extraction 

Single colonies (see 2.2) were transferred to a sterile 1.5mL micro-centrifuge tube 

(Fisher Scientific, UK) containing 50µL ddH2O. These were heated to 95ºC for 10 

minutes (ThermoFisher, UK) to lyse cells. The cultures were then subjected to 

centrifugation at 21,694 x g (Heraeus Megafuge 8) for 10 minutes. The resulting 

supernatant was used as a DNA template in subsequent reactions (Van Asten et al., 

2009). Template DNA was stored at 4ºC and used within 24 hours of extraction. All 
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subsequent PCR reactions were carried out using the SimpliAmp Thermal Cycler. All 

subsequent reactions are primers were initially tested on fully characterised strains (not 

included in this study) prior to the characterisation of the unconfirmed samples. 

2.3.2 Single PCR Reactions 

Single PCR reactions were produced in 0.2mL strip tubes (Fisher Scientific, UK), 

comprising of; 0.5µL of forward and reverse of the respective primers (10mM) (Table 

2), 5µL of 5 x Taq MasterMix (Fisher Scientific, UK), 18µL of ddH2O and 1µL of 

template DNA, to a final volume of 25µL. Samples were briefly subjected to 

centrifugation to ensure contents were homogenised. PCR cycle conditions are shown 

in Table 3. 

Table 2: Primer sequences for toxin genes used in the singleplex PCR reactions

Toxin 
Gene Forward Sequence Reverse Sequence Product 

(bp) Reference

cpa
GCTAATGTTACTGCCGTTG

A
CCTCTGATACATCGTGTAAG 324

Van Asten et 
al., 2009

netB
CGCTTCACATAAAGGTTGG

AAGGC
TCCAGCACCAGCAGTTTTTCC

T 316
Keyburn et al., 

2008

tpeL
ATATAGAGTCAAGCAGTGG

AG
GGAATACCACTTGATATACCT 466

Coursodon et 
al., 2012

pfoA
CAAGTATTGCAATGGCTTT

ATGTCTG
CTTTATAAGAGCTTTGAAAGCA

GCTTG 280
Deguchi et al., 

2009
colA

AAATACATACAGTAGATGA
GATACGTGG

AAATCTGCTCTTAAAATCAATG
CCTCAGC 302
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2.3.3 Duplex PCR 

Duplex reactions were carried out using the becA and becB primers (Table 4). A 

reaction mix was created in 0.2mL strip tubes, comprising of; 0.5µL of forward and 

reverse primers (10mM) for both genes, 5µL of 5 x Taq MasterMix, 17µL of ddH2O and 

1µL of template DNA, to a final volume of 25µL. Samples were briefly subjected to 

centrifugation before carrying out the reaction according to the protocol shown in 

Table 5. 

Table 3: PCR cycle conditions for singleplex PCR reactions

Toxin 
Gene

Initial 
Denaturation 

(ºC)

Denaturation 
(ºC)

Annealing 
(ºC)

Extension 
(ºC)

Final 
Extension 

(ºC)

Number 
of 

Cycles

cpa 95 (1 minute)
95 (20 

seconds)
53 (1 minute)

68 (1 
minute)

68 (5 
minutes)

34

netB
95 (3 

minutes)
95 (30 

seconds)
55 (30 

seconds)
72 (1 

minute)
72 (5 

minutes)
34

tpeL
95 (3 

minutes)
95 (30 

seconds)
55 (30 

seconds)
72 (1 

minute)
72 (5 

minutes)
34

pfoA
94 (2 

minutes)
94 (30 

seconds)
55 (1 minute)

68 (1 
minute)

68 (5 
minutes)

34

colA
94 (2 

minutes)
94 (30 

seconds)
55 (1 minute)

68 (1 
minute)

68 (5 
minutes)

34

Table 4: Primer sequences for toxin genes used in the duplex PCR reaction

Toxin 
Gene Forward Sequence Reverse Sequence Product 

(bp) Reference

becA CAATGGGGCGAAGAAAATTA
AACCATGATCAATTAAAACCTC

A 499
Yonogi et al., 

2014
becB

TGCAAATGACCCTTACACTG
A

AGATTGGAGCAGAGCCAGAA 416

Table 5: PCR cycle conditions for the duplex PCR reaction

Toxin 
Gene

Initial 
Denaturation 

(ºC)

Denaturation 
(ºC)

Annealing 
(ºC)

Extension 
(ºC)

Final 
Extension 

(ºC)

Number 
of 

Cycles

Duplex 94 (1 minute)
98 (10 

seconds)
55 (30 

seconds)
72 (1 

minute)
72 (5 

minutes)
30
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2.3.4 Multiplex PCR 

Multiplex PCR was used to identify 6 toxin genes (Table 6). Primers were diluted from 

100mM to a 10mM mixture. The complete reaction mixture was created in 0.2mL strip 

tubes and comprised of; 7.5µL of the primer stock, 10µL of 5 x Taq MasterMix, 31.5µL 

of ddH2O and 1µL of template DNA, to a final volume of 50µL. Samples were 

homogenised through brief centrifugation before carrying out the reaction according 

to the protocol shown in Table 7. 

Table 6: Primer sequences for toxin genes in the Multiplex PCR reaction. *- A or C. **- C or T. 

Toxin 
Gene Forward Sequence Reverse Sequence Product 

(bp) Reference

cpa GCTAATGTTACTGCCGTTGA CCTCTGATACATCGTGTAAG 324

Van Asten et 
al., 2009

cpb
GCGAATATGCTGAATCATCT

A
GCAGGAACATTAGTATATCTTC 195

etx
TGGGAACTTCGATACAAGC

A
AACTGCACTATAATTTCCTTTTC

C 376

iA AATGGTCCTTTAAATAATCC TTAGCAAATGCACTCATATT 272

cpb2
AAATATGATCCTAACCAAM*

AA
CCAAATACTYAATY**GATGC 548

cpe
TTCAGTTGGATTTACTTCT

G
TGTCCAGTAGCTGAATTGT 485

Table 7: PCR cycle conditions for the multiplex PCR reaction

Toxin 
Gene

Initial 
Denaturation 

(ºC)

Denaturation 
(ºC)

Annealing 
(ºC)

Extension 
(ºC)

Final 
Extension 

(ºC)

Number 
of 

Cycles

Multiplex 95 (1 minute)
95 (20 

seconds)
53 (1 

minute)
68 (1 

minute)
68 (5 

minutes)
34
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2.3.5 Gel Electrophoresis and Imaging 

A 1.5% agarose gel was prepared using 1x TAE buffer and cast according to standard 

procedure. The gel was submerged in 1x TAE buffer in an electrophoresis tank (Fisher 

Scientific, UK). Samples were stained with a 1:5 volume of 6x loading dye (New 

England Biolabs, UK). 10µL of sample was aliquoted per well and 5µL of 100bp ladder 

(New England Biolabs, UK) was aliquoted into the first and last well. Electrophoresis 

was carried out for 1 hour at 100V, 400mA (PowerPac, BioRad, UK). The agarose gel 

was post-stained in ad-lib ethidium bromide for 10 minutes before visualising through 

the use of UV light (InGenius3; Syngene, UK). 

2.4 Maintenance of C. perfringens Cultures 

Once a positive result was obtained from the PCR single reaction for the cpa gene, a 

frozen stock was prepared using the original BHI plate. Colonies were transferred to 

1mL of 70% BHI stocking media in a cryovial tube and stored at -80ºC. Frozen stocks 

were thawed before being cultured. Isolates were streak plated onto BHI agar and 

incubated anaerobically overnight at 37ºC unless stated otherwise. 

2.5 Growth Kinetics 

Colonies from overnight streak plates (see 2.4) were used to inoculate 10mL of sterile 

fluid thioglycollate (FTG) broth. The cultures were incubated aerobically (GenLab; 

Fisher Scientific, UK) at 37ºC, until turbid. Once turbid, an absorbance (OD) reading 

was taken at 590nm (Fisher Scientific, UK). The culture was then adjusted to 0.1OD590 

(OD1xV1=OD2xV2). Aliquots of 200µL of adjusted culture were transferred to 9 wells of 

a 96-well plate (Fisher Scientific, UK). A blank of 200µL of sterile FTG broth was 

aliquoted into the first well, adjacent to the adjusted culture. The 96-well plate was 

covered with an optical adhesive cover (Fisher Scientific, UK) before being loaded into 

a microplate reader, held at 37ºC (Fluostar Optima, BMG Labtech). An automated 

absorbance reading (620nm) was taken every 10 minutes over a 24 hour period and 

the results were averaged across the nine replications.  
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2.6 Biofilm Assay 

Colonies from overnight cultured agar plates (see 2.4) were used to inoculate 10mL of 

sterile FTG broth, this was incubated aerobically at 37ºC and once turbid, an 

absorbance reading was taken at 590nm. Using the optical density value, the culture 

was adjusted to 0.3OD590 (OD1xV1=OD2xV2) using 1mL of sterile FTG broth in a 1.5mL 

micro centrifuge tube. Aliquots of 200µL of the adjusted broth were transferred in 

triplicate to a flat-bottomed 96-well plate. This step was repeated with sterile FTG 

broth as a negative control. The plate was sealed completely with Parafilm and 

incubated anaerobically at 37ºC, overnight. 

The staining protocol was adapted from (Stepanovic et al., 2007). Briefly, post 

incubation period, the Parafilm was removed and the supernatant was carefully 

aspirated and discarded from each well. Each cell was subjected to 3 washes using 

sterile PBS to remove planktonic cells. The plate was inverted and incubated at 55ºC 

for one hour to heat fix the biofilm. Each well was stained with 150µL of crystal violet 

solution (Pro-Lab Diagnostics, UK) for 10 minutes. Excess dye was aspirated from the 

wells and discarded. The plate was then submerged in water until all excess dye was 

removed. The plate was inverted and incubated at room temperature until dry. The 

stained biofilm was solubilised using 33% acetic acid, this was incubated at room 

temperature for 15 minutes. Using a microplate reader (Fluostar Optima, BMG 

Labtech) an automated optical density reading each well was taken in triplicate and an 

average taken. This was carried out in triplicate for all isolates and the biofilm potential 

was assessed as an average of the three repeats. 

2.7 Measuring Haemolytic Activity 

2.7.1 Cell Free Supernatant 

An overnight culture of C. perfringens (see 2.4) was used to inoculate 10mL of sterile 

FTG broth. The inoculated broth was then incubated aerobically at 37ºC until turbid 

and an absorbance reading was taken at 590nm. The culture was then adjusted to 

1.0OD590 (OD1xV1=OD2xV2) using sterile FTG broth in a 1.5mL micro-centrifuge tube.  
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The adjusted cultures were then subjected to centrifugation at 21,694 x g for 10 

minutes to pellet bacterial cells. Post centrifugation, 750µL of the supernatant was 

transferred to a new micro-centrifuge tube and subjected to centrifugation, as stated 

above. The previous step was repeated again, this time taking 500µL of the 

supernatant and once again subjecting to centrifugation, as previously stated. A final 

aliquot of 300µL of the supernatant was transferred to a new micro-centrifuge tube. 

2.7.2 Haemolysis Assay 

The cell free supernatant was acquired as stated in (see 2.7.1). Defibrinated horse 

blood was diluted 1000-fold using sterile PBS, this solution was then aliquoted into a 

96-well plate in 150µL volumes (one row per sample and one negative control row). 

Into the first well of the row, 150µL of the cell free supernatant was aliquoted, this was 

repeated with sterile FTG broth as a negative control. The samples were then serially 

diluted 2-fold across all 12 wells. The plate was then incubated at room temperature, 

aerobically, overnight. The resulting haemolysis value was defined as the lowest 

volume of cell free supernatant required to completely lyse all erythrocytes present in 

the well, resulting in a translucent solution. 

2.8 G. mellonella Challenge 

2.8.1 Preparing the Inoculum 

Colonies from overnight streak plates (see 2.4) were used to inoculate 10mL of sterile 

FTG broth. The broth was incubated aerobically at 37ºC until turbid and the 

absorbance at 590nm was taken. The culture was adjusted to 1.0OD590 

(OD1xV1=OD2xV2) using 5mL of sterile FTG broth in a 15mL centrifuge tube (Fisher 

Scientific, UK). Adjusted cultures were subjected to centrifugation at 3,260 x g for 5 

minutes to pellet the bacterial cells. The supernatant was discarded and the pellet was 

resuspended in 5mL 0.1% peptone water (Oxoid, UK). The washed culture was drawn 

into a 3mL Luer-Lok syringe (BD Plastipak, UK) and a 30G needle was applied (Fisher 

Scientific, UK). Peptone water (0.1%; Oxoid, UK) was drawn into a separate syringe to 

be used as a control. 
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2.8.2 Larval Challenge 

Larvae were sourced from Live Foods, UK (Rooksbridge, UK) and only larvae that were 

250mg ± 50mg and showed no signs of deformation, pupation or melanisation were 

used in the experimental process. 

Groups of 10 larvae were challenged with each isolate in the cohort plus another 

group of 10 that were injected with 0.1% peptone water as a negative control. The 

larvae were immobilised through cold by placing the vessel on ice for 15 minutes prior 

to injection. 

Both syringes and larvae were kept on ice throughout the injection process. Larvae 

were held in a restraining device outlined by Dalton et al. (2017). Larvae were injected 

in the posterior left proleg using an automated syringe pump (KD Scientific) that was 

set to administer at 1µL/s for 10 seconds. Post-injection, all larvae were incubated at 

37ºC, and morbidity and mortality scores were recorded after 72 hours. The 

melanisation scoring system was originally outlined by Loh et al. (2013) and an 

adapted format is shown in Table 8. 

Table 8: The melanisation scoring system to assess the morbidity of the larvae, post-infection. 

Adapted from Loh et al. (2013). 

The experiment was repeated on three separate occasions and average melanisation 

and mortality scores were taken across the repeats. 

Melanisation Score Description

1 No melanisation. No mortality

2 <50% melanisation of the larvae. No mortality

3 >50% melanisation. No mortality

4 Full melanisation and mortality of the larvae
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2.9 Statistical Analysis 

All statistical tests were carried out using SPSS 26 (IBM, UK). The majority of statistical 

analyses performed were carried out using the Mann Whitney U test due to the non-

parametric nature of the data. Growth kinetics were analysed using a students t-test as 

the data was parametric. 

2.10 Summary of Methodology  

The progression of methodology for this study is summarised in Figure 2. 
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3 Results 

3.1 Isolate Acquisition Source 

Samples were initially selected to represent a variety of sources of commensal and 

clinical poultry origin. Commensal isolates were those deemed to have originated 

from a poultry source with no association to disease. Clinical isolates were sourced 

from deceased broiler chickens with putative necrotic enteritis. A reference strain, of 

human origin is also included in this cohort. 

The commensal cohort of isolates covered three major acquisition sources, as seen in 

Figure 3A. Retail chicken breast samples were purchased from UK supermarkets, 

marketed as either, intensively reared, organic or free range. Environmental free range 

samples include a litter sample and a soil sample from within the rearing environment. 

The commercial necropsy samples include isolates from distinct regions of the 

gastrointestinal tract of the healthy chickens (Figure 3B). All samples were isolated 

from different birds, exempting CR24 and J24 which originated from the same bird. 
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Figure 3: A) Acquisition source of 22 commensal isolates. B) Specific sample location within 
the gastrointestinal tract of the seven commercial necropsy samples from this cohort.
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The clinical isolate group includes a reference strain of human origin, specifically a 

case of appendaceal cysts. This was acquired from the American Type Culture 

Collection. All other isolates within this group were isolated from either the caeca, 

ileum or jejunum of deceased broilers. Within this cohort, isolates were sampled from 

a total of ten birds, several isolates within the cohort represent one bird. The 

distribution of source location for the 16 poultry samples is shown in Figure 4. 
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Figure 4: The distribution of the 16 poultry clinical cohort samples from three sections of the 
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n=4

  n=6

n=6



3.2 Toxin Typing and Characterisation 

The identification of 12 C. perfringens toxin genes was carried out (see 2.3). Initially 

the primers were used on fully characterised strains, this resulted in the successful 

amplification of the target genes and therefore the primers were used in subsequent 

reactions. The resulting toxin distributions for individual isolates of both cohorts can 

be seen in Table 9 and 10. 
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3.2.1 Major Toxins 

All 39 isolates within this study positively amplified the cpa gene, this was taken as 

confirmation that 100% of the isolates were C. perfringens. 

In the commensal cohort of C. perfringens isolates, the sole major toxin gene that 

could be amplified through PCR reactions was cpa. There was no amplification of the 

cpb, etx, itx, cpe and netB genes from any of the isolates, meaning there is no 

representation of toxin types B-G within the cohort. 100% of isolates (n=22) were 

subsequently characterised as type A. 

Similarly, within the clinical cohort of isolates there was no presence of the cpb, etx, itx 

and cpe genes within the group, however, unlike the commensal cohort there was 

amplification of the netB gene from 18% of isolates (n=3), these were characterised as 

type G. The other 82% of isolates (n=14) were all characterised as type A isolates. 
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Table 10: Toxin type and distribution of 12 toxins within 17 clinical isolates.



3.2.2 Minor Toxins 

Within the commensal isolate cohort, 2 minor toxin genes could be readily amplified 

from a total of 6 that were screened for, these were colA and pfoA. The colA gene was 

amplified in 100% of isolates, pfoA had a slightly lower occurrence, with 86% (n=19) of 

isolates amplifying this gene. There was no presence of cpb2, tpeL, becA or becB 

within any of the isolates, resulting in no amplification of the genes through PCR. 

Comparably, the clinical isolates were wholly absent of the tpeL, becA and becB 

genes, although, unlike the commensal cohort there was a presence of the cpb2 gene 

within many of the isolates. The cpb2 gene was amplified from 41% (n=7) of the 

isolates within this cohort. The pfoA and colA genes both exhibited 100% 

amplification for the 17 isolates within the cohort. 

3.3 Growth Kinetics  

Growth kinetics were assessed for all isolates and each logarithmic growth curve 

consequently allowed the calculation of a specific growth factor and doubling time 

that is unique to each isolate. An isolate from each cohort, as well as the reference 

strain ATCC 13124 are shown in Figure 5 and Table 11 as a representation of the 

entire collection of isolates. 

The mean doubling time for the commensal cohort of isolates is shown in Table 11. 

Overall, 67% of these isolates had a doubling time that was lower than the calculated 

mean. The lowest recorded doubling time was 28.3  minutes by the isolate CP5019 

and the highest reported was 70.2 minutes by CP5009. The growth curve and 

doubling time of one specific isolate from the cohort, C58, is shown in Figure 5 and 

Table 11. The isolate entered stationary phase at 0.8OD620 which occurs just after 4 

hours. When compared to ATCC 13124 and C88.2 it can be clearly seen that this 

isolate peaked at a much lower optical density. 

The clinical isolate cohort produced mean doubling time, shown in Table 11, this was 

four minutes less than the commensal group of isolates, this is not statistically 

significant (p=0.16). Only 41% of isolates in the group had doubling times below the 
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mean. The lowest doubling time within the cohort was 27.6 minutes by the isolate 

J076.6.3, this is very similar to the lowest doubling time of the commensal group. The 

highest recorded doubling time was 46.6 minutes by the isolate J89.1, this is lower 

than that of the commensal group. The growth curve and doubling time for the isolate 

C88.2 from this cohort is shown in Figure 5 and Table 11. 

The reference strain ATCC 13124 shows a higher peak in optical density than both 

C88.2 and C58 and simultaneously exhibited the shortest doubling time of the three 

isolates in Figure 5. The reference strain enters stationary phase between 0.9OD620 

and 1.0OD620, this occurs after around 5.2 hours of growth.    
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Figure 5: Growth kinetics of C. perfringens isolates ATCC 13124 (reference strain), C88.2 
(clinical) and C58 (commensal). Error bars represent standard error of the mean. 



3.4 Biofilm Production Assay 

To determine whether each isolate was either; a non-biofilm former, a weak biofilm 

former, a moderate biofilm former or a strong biofilm former, a comparison was made 

between the sample averages and of the negative control using the formula outlined 

in Charlebois et al. (2017). 

No single isolate within the commensal cohort was capable of producing either a 

moderate or strong biofilm. All isolates produced either a weak biofilm or no biofilm. 

The distribution of the biofilm producing capabilities for the commensal isolates is 

shown in Figure 6A. 

The clinical isolates were all mostly capable of producing a biofilm with the majority 

either producing a weak or moderate biofilm, this difference between both groups 

proved to be statistically significant (p<0.001). There was only one isolate capable of 

producing a strong biofilm, this was the reference strain, ATCC 13124. Likewise, only 

one isolate, J55, was not able to produce a biofilm. The distribution of biofilm 

formation capabilities for the entire cohort is shown in Figure 6B. 
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Figure 6: The distribution of biofilm formation capabilities within; A) commensal isolates B) 
clinical isolates. Results were calculated using the equation defined in Charlebois et al. 
(2017).

A B



3.5 Haemolysis Assay  

The number of wells showing complete haemolysis, post incubation, was documented 

across three repeats and an average was calculated. Results are given as the number 

of wells in which the erythrocytes were fully haemolysed. A visual representation of 

how results were assessed on a number of samples can be seen in Figure 7. 
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Figure 7: A representative haemolysis assay plate. Cell free supernatant was serially diluted 
two-fold in defibrinated horse blood (diluted 1000x in PBS). Black arrow represents direction 
of dilution. Plates were incubated at room temperature, overnight, before assessing results. 
The circled well represents the final well in which full haemolysis could be visualised.  
A: sample capable of haemolysis. B: sample incapable of haemolysis.
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An overall average haemolysis value for the commensal cohort was calculated at 4.9 ± 

2.4 (SD). Of the 22 isolates in the cohort, 63.6% of these produced a result that was 

higher than this average. The highest result seen by any isolate was that of CP5009, 

this isolate had an average haemolysis score of 8 ± 1.7 (SD). Contrastingly, there were 

three isolates that were wholly incapable of haemolysis and therefore received a score 

of zero, these isolates were CP5012, CR36 and J24, these results were reproducible as 

seen by the standard error that was also zero for all 3 of these isolates. The median 

scores for all isolates within the group can be seen in Figure 8. 
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Figure 8: Haemolysis capabilities of the commensal isolates. The haemolytic value is defined 
as the lowest possible dilution of cell free supernatant that can completely lyse all present 
horse erythrocytes. These values are shown as the median of three repeats and error bars 
represent the range of the data.



The average haemolysis value for the isolates within the clinical cohort was calculated 

to be 5.2 ± 1.2 (SD) which is higher than that of the commensal isolates, although not 

statistically significant (p=0.47). However, a smaller percentage exhibited a haemolysis 

value higher than the group average, only 52.9% achieved higher than 5.2. The range 

of scores for this cohort is smaller than that of the commensal group, the maximum 

average value recorded for an isolate was 7.33 ± 0.6 (SD) by ATCC 13124. On the 

other hand the lowest average haemolysis score was 3 ± 1.7 (SD) by the isolate 

C158.1.2, and there was no isolate within this cohort that was completely unable to 

haemolyse the horse erythrocytes. All isolate scores are shown within Figure 9. 
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Figure 9: Haemolysis capabilities of the clinical isolates. The haemolytic value is defined as 
the lowest possible dilution of cell free supernatant that can completely lyse all present horse 
erythrocytes. These values are shown as the median of three repeats and error bars represent 
the range of the data.



3.6 Semi in vivo G. mellonella Trial 

The in-vivo efficacy of each isolate was determined using the G. mellonella model. 

Groups of ten larvae were challenged with each isolate, this was carried out in 

triplicate which enabled the calculation of a median mortality score, these were given 

as a percentage of the total group. A median melanisation score was also calculated 

over the three replicates, to represent the morbidity of each isolate. 

The commensal isolate cohort resulted in an average melanisation score of 3.3 ± 0.3 

(SD), and of the total 22 isolates within the cohort, 82.4% produced a melanisation 

score that was equal to or higher than that of the average. The highest melanisation 

score recorded in this group was 3.8 ± 0.15 (SD) by the isolate G60. The lowest 

recorded melanisation score within this group was 2.6 ± 0.50 (SD) by the isolate 

CP5024. The control group of larvae, which were injected with 10µL of 0.1% peptone 

water, resulted in no visible signs of infection throughout the three replicates and 

therefore produced a score of 1.0. The melanisation score for all 22 isolates, can be 

seen in Figure 10. 
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Figure 10: Median melanisation score of G. mellonella larvae challenged with 10µL of ~107 
CFU/mL of each of the isolates within the commensal cohort. Scores were recorded 72 hours 
post-infection. A control group injected with 10µL of 0.1% water is included for comparison. 
Error bars represent the range of the data.



The commensal isolate group exhibited an average percentage mortality of 56.8 ± 

16.8% (SD), 40.9% of the group demonstrated higher mortality rates than this average. 

The highest recorded mortality rate of the commensal isolates was 83.3% ± 15.3% 

(SD) which was achieved by two isolates; CP5003 and CP5021. The lowest mortality 

rate was recorded to be 26.7% which was once again observed with two distinct 

isolates; CP5022 ± 30.5% (SD) and CP5024 ± 15.3% (SD). There were no isolates 

within the commensal group that were avirulent. The control group which received the 

same dosage of 0.1% peptone water resulted in 0% mortality rate consistently 

throughout the replicate trials. All isolate mortality rates are presented in Figure 11. 
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Figure 11: Median percentage mortality of G. mellonella larvae challenged with 10µL of ~107 
CFU/mL of each of the isolates within the commensal cohort. Percentage mortality was 
calculated 72 hours post-infection. A control group injected with 10µL of 0.1% water is 
included for comparison. Error bars represent the range of the data.



The clinical isolate cohort was calculated to have an average melanisation score of 3.0 

± 0.6 (SD), this is lower than that of the commensal group and this difference proved 

to be statistically significant (p=0.03). The highest melanisation score recorded by an 

isolate in this cohort was 3.5 ± 0.5 (SD) by the isolate C108.2, this is slightly lower than 

the highest isolate of the commensal group. The lowest score recorded within this 

cohort was 1.0, this was produced by the reference strain, ATCC 13124. This isolate 

was avirulent within the model across all replicates, and therefore resulted in no visible 

signs of infection. The control group which were injected with 10µL of 0.1% peptone 

water also resulted in no signs of infection and therefore produced a melanisation 

score of 1.0. The median melanisation scores for all isolates in the cohort can be seen 

in Figure 12. 
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Figure 12: Median melanisation score of G. mellonella larvae challenged with 10µL of ~107 
CFU/mL of each of the isolates within the clinical cohort. Scores were recorded 72 hours 
post-infection. A control group injected with 10µL of 0.1% water is included for comparison. 
Error bars represent the range.



The reference strain, included in the clinical isolate cohort, was proven to be avirulent 

within this in-vivo trial, exhibiting 0% larval mortality rate in all three respective trials, 

indicating it was not able to establish an infection. 

The group produced an overall average mortality rate of 46.3% ± 15.9% (SD), which is 

lower than that of the commensal group, this did not prove to be statistically 

significant (p=0.099). The percentage of isolates within this group that exhibited a 

higher than average mortality rate was 58.8%, which is greater than the commensal 

group. The range of scores exhibited by this group was smaller than the commensal 

group, with the highest recorded score at 70% ± 26.5% (SD), produced by C108.2. 

The lowest recorded mortality rate was 30% by two isolates; C88.2 (±30% SD) and 

J076.6.1 (±10% SD). The control group once again did not did not produce signs of 

infection when injected with 10µL of 0.1% peptone water, this result was consistent 

thought the three trials. All average mortality rates for the respective isolates are 

displayed in Figure 13. 
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Figure 13: Median percentage mortality of G. mellonella larvae challenged with 10µL of ~107 
CFU/mL of each of the isolates within the clinical cohort. Percentage mortality was calculated 
24 hours post-injection. A control group injected with 10µL of 0.1% water is included for 
comparison. Error bars represent the range.



4 Discussion 

In this study, isolates were sourced from birds of varying disease status, along with 

their associated environments. Commensal isolates were characterised as having no 

known association with disease. Clinical isolates were also sourced, originating from 

cases of putative necrotic enteritis within broilers. The reference strain included within 

this study was of human clinical origin. Various phenotypic factors were chosen based 

upon their significance in the literature. Multiple assays were then suitably adapted to 

assess isolates, and make relevant comparisons between clinical and commensal 

isolates, with the aim of highlighting any phenotypic traits that could predict potential 

virulence. 

4.1 Isolate Characterisation 

The importance of extracellular toxins and their specific roles in C. perfringens 

associated diseases has been well established and documented, and many have been 

characterised as essential virulence factors through the fulfilment of Koch’s molecular 

postulates. Classification by toxin typing of isolates has been a pivotal first step in the 

characterisation of isolates for many years, with the first toxin typing system finalised in 

the 1960s (Rood et al., 2018). 

In this study, a total of 12 toxins were screened through a series of PCR reactions. Six 

of these were major typing toxins (cpa, cpb, itx, etx, netB and cpe) and six were 

considered minor toxins (becA, becB, tpeL, cpb2, pfoA and colA). These genes were 

selected for analysis based upon their relevance within the literature or their 

relatedness to NE specifically. The process of characterisation within this study 

highlighted the most prevalent toxin type to be A. This was found to be the case for 

both respective cohorts, although there was a small number of isolates that were 

classified as type G within the clinical cohort. To date, there have been numerous 

studies documenting the characterisation of isolates sourced from broilers of varying 

disease profiles. Many of these studies have similarly reported type A C. perfringens to 

be the most prevalent within these isolates (Songer, 1996). This result does not appear 

to be geographically restricted, as studies carried out in Asia, the Middle East and 

Europe reported 100% type A isolates sourced from both healthy and NE-afflicted 
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broilers (Gharaibeh et al., 2010; Tolooe et al., 2011; Lanckriet et al., 2010; Svobodová 

et al., 2007). One specific investigation, carried out in Egypt, utilising isolates from 

both healthy and diseased broilers reported a slightly lower prevalence of 75% of type 

A isolates, however it is not clearly stated which toxin types the other 25% of isolates 

represent (Osman et al., 2012). This high prevalence of type A isolates has also been 

exhibited by isolates sourced from retail chicken breast, with one study reporting 

99.8% of isolates to be type A (n=557), the remaining isolate was type F (n=1) (Guran 

and Oksuztepe, 2013). This result is higher than that reported in Nowell et al. (2010), 

carried out in Canada, in which 79% of isolates were type A (n=70) and the remaining 

were type G (n=18). Type A isolates have been well documented in research 

surrounding poultry and NE. Despite the confirmation that alpha toxin is not the 

essential virulence factor in the induction of NE (Keyburn et al., 2006), type A isolates 

remain dominant in the literature associated with C. perfringens originating from the 

gastrointestinal tract of broilers (Nauerby et al., 2003; Nowell et al., 2010). 

In the present study there was no evidence of the cpe gene encoded within any of the 

isolates, irrespective of cohort or origin source. Instances of zero prevalence of 

enterotoxin producing strains are commonly reported within studies of C. perfringens 

procured from poultry (Engström et al., 2003; Fan et al., 2016; Gharaibeh et al., 2010). 

Comparable results have been reported in other studies in which isolates were 

sourced from broilers of varying disease status, such as 3% cpe within isolates 

originating from Chinese broilers, reported by Zhang et al. (2018a). A possible 

explanation for the lack of enterotoxin producing strains within this study could be 

partly due to the role of cpe within human associated food-borne illness (Gaucher et 

al., 2018). This suggests that isolates investigated within this study are not capable of 

causing food poisoning in humans. This is supported by the lack of the becA and becB 

genes within these isolates, as the BEC toxin is also known to cause food-borne illness 

within humans (Revitt-Mills et al., 2015). Additionally, the cpe gene is reportedly less 

abundant within C. perfringens isolates, with an estimated 5% of isolates harbouring 

the gene for the enterotoxin, which can be encoded either on the chromosome or on 

a plasmid (Li et al., 2013). 
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The results reported in this study demonstrate a small percentage of isolates 

possessing the netB gene (18%; n=3), and these isolates were restricted to the clinical 

cohort. This result is comparable with reports of netB prevalence, such as that of 

Nowell et al. (2010) who reported 21% of netB positive isolates sourced form retail 

chicken. There have been studies in which the incidence of netB isolates from broilers 

were less prevalent, with one study reporting only 3% of isolates harbouring the netB 

gene (Bailey et al., 2015). In certain studies there have been reports of netB positive 

isolates sourced from broilers that displayed no clinical signs of NE (Chalmers et al., 

2008; Martin and Smyth, 2009). One particular study found higher prevalence of netB 

within healthy broilers (61%) than NE-afflicted broilers (52%), this study also found 

many strains isolates from cases of NE were negative for the netB gene (Abildgaard et 

al., 2010). It is generally accepted that NE is a result of the proliferation of netB 

positive isolates, consequently overwhelming the numbers of commensal strains 

(Bailey et al., 2015). The results reported in this study and those previously mentioned, 

suggest a degree of uncertainty remains, surrounding the role of the netB gene in the 

induction of NE and that the absence or presence of the gene is not sufficient to 

predict the health status of the bird harbouring the strain (Abildgaard et al., 2010). 

The presence of the TpeL toxin within cases of NE is thought to enhance the severity 

of the resulting disease. It is thought to augment the virulence of the NetB toxin, 

which is believed to be the essential virulence factor in avian NE (Coursodon et al., 

2012). Within this study, there was zero prevalence of the tpeL gene within any of the 

isolates, which could suggest the strains that harboured netB within the clinical cohort 

were perhaps less virulent than isolates that possessed both the netB and tpeL genes. 

The low incidence of the toxin reported here has been demonstrated within other 

studies, ranging from 9-18% within studies of isolates from both broilers and retail 

chicken meat (Chalmers et al., 2008; Keyburn et al., 2010; Nowell et al., 2010). 

Within this study a high incidence of pfoA was found in both commensal and clinical 

cohorts (91% and 100% respectively). The prevalence of pfoA is not well reported 

within isolates sourced from avian origin. This is possibly due to the toxin having no 

confirmed association within NE, although one study stated 78% of isolates were 
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positive for the pfoA gene (Park et al., 2015). Perfringolysin-O is commonly associated 

with cases of clostridial myonecrosis and reports have demonstrated an ability of the 

toxin to act in synergy with alpha toxin to enhance the severity of the disease (Awad 

and Rood, 2002). This could suggest an ability of PFO to act in synergy to enhance the 

virulence of alpha toxin within necrotic enteritis, however, this would require a more in 

depth study of the specific interactions of these toxins, specifically within these 

isolates, potentially exploiting the use of mutant strains. 

4.2 Growth Kinetics 

The results reported in this study demonstrate the average generation times for both 

cohorts was ~40 minutes. However, shorter doubling times of ~28 minutes were 

recorded for limited isolates, and conversely much longer times were reported, the 

longest being ~70 minutes. This result is highly contradictory to existing literature 

which generally states doubling times of ~15 minutes minutes when isolates were 

cultured in the same manner used in this study (De Jong et al., 2004). A study 

investigating doubling times of cpe positive C. perfringens isolates demonstrated 

more effective growth when cultured at 43ºC in FTG medium, reporting an average 

doubling time of ~10 minutes (Li and McClane, 2006). This suggests a higher 

incubation temperature may be optimal for rapid proliferation of C. perfringens 

isolates. These conditions were not represented within the current study which may 

provide an explanation for the higher doubling times reported for these isolates. 

However, growth characteristics at 41ºC may be more representative in the present 

study as it equates to the internal body temperature of a chicken. A common feature 

of these studies is the use of isolates harbouring the cpe gene, and as previously 

stated there are no isolates possessing the cpe gene within this study. However, there 

is a lack of studies documenting growth kinetics of isolates originating from avian 

origin. Growth kinetic experimentation was not able to highlight differences between 

doubling times of isolates in the commensal and clinical cohorts, indicating this was 

perhaps not a good method of comparison between isolates of different origins. 
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4.3 Biofilm Formation 

The ability of all toxin types of C. perfringens isolates to produce biofilms has been 

described previously (Varga et al., 2008). The results reported in 3.4 demonstrate a 

tendency for isolates of clinical origin to produce relatively stronger biofilms than 

isolates within the commensal cohort, which proved to be statistically significant. This 

was similarly reported in Charlebois et al. (2017), in which the biofilms produced by 

commensal and clinical C. perfringens poultry isolates were studied. They found that 

93% (n=14) of commensal isolates were capable of forming weak biofilms and no 

isolate could form a moderate or strong biofilm, whereas, 69% (n=11) of clinical 

isolates formed a weak biofilm and all other clinical isolates were able to form either a 

moderate or strong biofilm. These results are highly comparable to those reported in 

this study. A study carried out in South Korea, utilising isolates from poultry meat 

reported all strains were capable of biofilm formation, 33% exhibited a moderate 

biofilm whist the remaining 67% produced a strong biofilm (Hu et al., 2018). In order 

to quantify biofilm formation, both of these studies utilised the crystal violet staining 

assay described in the present study. However, there is limited evidence of further 

report of biofilm formation within poultry isolates, specifically those highlighting 

differences between clinical and commensal isolate biofilms.  

In this study, isolates within the clinical cohort were associated with cases of putative 

NE and were generally able to produce stronger biofilms. A possible explanation for 

this was described by Prescott et al. (2016), who suggested that biofilm formation may 

be an essential mechanism enabling the bacteria to persist within the submucosa after 

sloughing of the superficial mucosa, which may be critical in the later stages of NE 

disease progression. An alternative study theorised that biofilm formation may not 

directly contribute to the virulence of an isolate within NE cases, however it may 

confer an advantageous state of dormancy. This would subsequently allow the virulent 

isolates to persist within the gastrointestinal tract and incur increased resistance to 

environmental stress factors such as limited availability of carbohydrates (Charlebois et 

al., 2014; Charlebois et al., 2016). The efficacy of enhanced biofilm formation 

exhibited by the clinical isolates in the present study is unlikely to be associated with 

the expression of specific toxins, as multiple studies have reported the down 
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regulation of toxin genes of isolates embedded within a biofilm, including; netB, pfoA 

and plc/cpa (Charlebois et al., 2016; Zhang et al., 2018b). 

A previous report describing biofilm formation in C. perfringens described that 

optimal formation of a biofilm was dependent on the presence of a catabolite control 

protein, which plays a role in regulating the response to limited carbohydrate in the 

environment. Additionally the presence of a type IV pilus was shown to enhance 

biofilm formation (Varga et al., 2008). However, within this study the presence of these 

were not investigated and therefore there is no conclusive evidence as to whether they 

may have enhanced biofilm formation within these isolates. 

Biofilm formation capabilities of other pathogens is often reported, and in some cases, 

this feature of the bacterium has been known to contribute to the pathogenesis of the 

resulting disease, such as P. aeruginosa. This bacterium is able to form a biofilm within 

the lungs of cystic fibrosis patients, which can often result in complications during 

treatment, due to an increased resistance to antibiotics (Costerton, 2001). 

Staphylococcus epidermidis is also able to form a biofilm which often occurs on 

medical implants (Ha et al., 2005). 

The results described within this investigation, supported by the studies mentioned 

previously, highlight the potential role of biofilm production within isolates that are 

capable of inducing NE. In this study the ability of an isolate to form a stronger biofilm 

could distinguish between source origin of isolates. Therefore biofilm production may 

be an important factor in the assessment of the potential virulence of an isolate. 
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4.4 Haemolysis Assay 

In order to measure the haemolytic capabilities of isolates within this study, initial 

experimentation utilised 5µL aliquots of cell free supernatant, spotted onto horse 

blood agar. This method is generally well described within the literature, with the 

earliest reports of this method occurring in the 1980s (Gubash, 1980; de Faria Siqueira 

et al., 2018). The justification behind the use of this method was the expectation that 

each distinct isolate would produce a varying zone of haemolysis which could be 

measured. However, upon analysis of the results, although a zone of haemolysis was 

visible, all zones were uniform in size. This was attributed to a lack of diffusion of the 

supernatant throughout the agar, resulting in no adequate method of comparison, and 

consequently this method was not utilised within this study. 

To overcome the issues faced utilising the previous method, an attempt was made to 

create an assay involving the blood in liquid form. The initial experimental design was 

based upon an agglutination assay. The assumption being that the lysed erythrocytes 

would settle out of solution, ensuring a simple visualisation of successful haemolysis. 

Several attempts were made to optimise this method of visualising varying levels of 

haemolysis, these are shown in Table 12.  

Early attempts revealed difficulties with evaporation of the sample. To overcome this 

problem it was deduced that the volume of sample should be increased. However, in 

later revisions of the assay, evaporation was an ongoing issue, although to a lesser 

extent. In an attempt to reduce the impact of this issue, the incubation temperature 

was modified to room temperature. Due to the absence of bacterial cell growth within 

this assay, it was shown that incubation at 37ºC was unnecessary. A subsequent 

problem encountered during early experimentation was the lack of visible haemolysis, 

only slight changes in colour being detected. It was hypothesised that the 

concentration of erythrocytes was too high to allow complete haemolysis, even at the 

highest concentration of cell free supernatant. Therefore, further dilutions of the horse 

blood were attempted. The final alteration made during optimisation was the increase 

in the number of times the sample was diluted. Initially, six dilutions were carried out, 

however, many isolates were capable of complete haemolysis within all wells. It was 
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shown during the final revision that 12 dilutions proved considerably more effective, 

due to the ability of many isolates to haemolyse erythrocytes when the supernatant 

was diluted further. Revision six proved to be successful due to the straightforward 

visualisation of haemolysis, identified by completely cleared wells. This method also 

allowed for variation to be identified between each distinct isolate. Consequently all 

further experimentation was carried out using the conditions displayed in revision six 

(Table 12). 

The limitations of this assay can be attributed to its semi-quantitative nature. However, 

the use of this method produced results that were undoubtedly more quantitative than 

those that were seen through the use of the previously described blood agar plates. 

Despite this drawback, the aim was to develop a method that allowed for variation 

between isolates haemolytic capabilities to be simply assessed. This method proved 

to be cost effective, requiring no specialist equipment or knowledge, and the results 

were visible within a matter of hours, allowing for a high throughput. 
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Table 12: Method optimisation for the haemolysis assay. 

The results displayed in 3.5 demonstrate the ability of isolates of C. perfringens to 

haemolyse horse erythrocytes. Within this study, isolates associated with a clinical 

origin appear to be generally more haemolytic than isolates within the commensal 

cohort, when assessing the groups in their entirety. However, this difference was not 

statistically significant. The use of this assay demonstrated that isolates of C. 

perfringens possessing identical toxin profiles are able to produce vastly differing 

results within identical experimental conditions. This suggests it is not solely the 

possession of the gene that is essential for haemolysis. A possible explanation for the 

variation between isolates could be a result of differences in expression rates of 

haemolytic toxins, however, this would require further experimentation. 

Revision 
Number

Prior Dilution of 
Horse Blood in 

PBS

Serial Dilution of 
Cell Free 

Supernatant 

Serial 
Dilution 
Factor

Final 
Volume (µL) 

Incubation 
Temperature 

(ºC)

1 Undiluted
2-fold

6 100 37
10-fold

2 Undiluted
2-fold

6 300 37
10-fold

3 2x
2-fold

6 300 37
10-fold

4

100x
2-fold

6 300 37
10-fold

1000x
2-fold

10-fold

5

100x
2-fold

6 300
Room 

Temperature

10-fold

1000x
2-fold

10-fold

6 1000x 2-fold 12 300
Room 

Temperature
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Interestingly, several isolates were shown to be incapable of haemolysis of 

erythrocytes within this assay, these isolates were restricted to the commensal cohort, 

however, were not limited to a specific origin source. Furthermore, the isolates that 

were not haemolytic within this study were shown to be absent of the pfoA gene, this 

suggests that the results of this assay are dependent on the expression of PFO, 

specifically. Within the literature PFO is regarded as a pore forming toxin that is 

capable of inducing beta haemolysis of red blood cells (Awad et al., 1995; Bryant and 

Stevens, 1996; Iwamoto et al., 1987; Yamanaka et al., 1987). However, there has been 

a lack of development of the methodology required to demonstrate the haemolytic 

capability of PFO. Frequently, studies include methods designed to measure the 

haemolytic capability of the alpha toxin (Takagishi et al., 2017; Wang et al., 2017). This 

toxin is known to cause alpha haemolysis and in some cases has been associated with 

haemolytic anaemia in patients suffering with C. perfringens septicaemia (Wilson et al., 

2018). Despite these studies demonstrating the haemolytic capabilities of C. 

perfringens alpha toxin, within this study alpha toxin was not essential for haemolysis, 

demonstrated by the isolates that produced a haemolysis value of zero, despite 

possessing the cpa gene. This is the first report exhibiting the haemolytic capabilities 

of isolates from poultry isolates of varying disease status. The results reported in this 

study suggest the expression of PFO is essential to cause haemolysis of horse 

erythrocytes. 

Although this assay is not able to predict the potential virulence of an isolate, the 

results of this assay demonstrate that haemolytic capability of isolates of C. 

perfringens can differ greatly, and are dependent on the possession of pfoA. This 

potentially highlights the wider application of the assay within studies of bacterial 

pathogens that are known to possess haemolytic extracellular toxins, such as S. aureus 

(Lee et al., 2014) 
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4.5 G. mellonella Model 

The use of insect models is becoming increasingly popular as a preliminary 

investigation of virulence in many studies, this is partly due to the low cost and 

absence of ethical issues associated with insect trials in comparison to mammalian 

trials (Browne et al., 2013). G. mellonella is emerging as a novel model organism that 

has been utilised in the study of many pathogens. The popularity of this model is 

attributed to the increased size of the larvae, in comparison to other insect models, 

and its ability to survive at 37ºC (Tsai et al., 2016). 

A recent publication described the first investigation of C. perfringens virulence in the 

G. mellonella model. An array of isolates were tested from numerous sources and 

almost all isolates were able to induce disease in the larvae, with varying levels of 

pathogenicity observed between the different isolates (Kay et al., 2019). However, the 

G. mellonella model is still in relative infancy and therefore it is unclear whether results 

reported within the larvae directly relate to those seen in mammals challenged with C. 

perfringens. 

The results reported in 3.6 demonstrate that the vast majority of isolates included in 

the study were capable of inducing disease within the larvae at a dosage of 105 CFU, 

visualised by the blackening of the wax cuticle and in some instances resulting in 

mortality. This appears to be independent of the apparent disease status, as isolates 

from both the commensal and clinical cohorts were capable of establishing disease 

within the larvae. The virulence levels showed variance between isolates, both within 

cohorts and between the two distinct cohorts, displayed in Figure 10 and 12. The 

variation in morbidity levels between the commensal and clinical cohort when viewed 

as a whole group, showed that the clinical cohort produced a significantly lower 

melanisation score than that of the commensal group, exhibiting a total decrease in 

melanisation score of 0.3. This result was consistent with the mortality rates exhibited 

by the two distinct cohorts, as the clinical cohort resulted in a 10% lower mortality rate 

than the commensal cohort (Figure 11 and 13). This result suggests that the isolates of 

clinical origin are less virulent towards G. mellonella than isolates of commensal origin. 

This result was unexpected when considering the clinical isolates were sourced from 

cases of putative necrotic enteritis that resulted in mortality of the broilers. It was 
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expected that these isolates would induce more severe cases of disease within the 

larvae, however, this was not the case. These results suggest that G. mellonella is not a 

well suited model when investigating the virulence potential of C. perfringens isolates, 

associated with NE outbreaks. 

This result could be partly attributed to the well documented, complex nature of NE. 

The experimental reproduction of NE in vivo, is a challenge that many researchers 

have encountered when investigating the disease, as it is not readily reproducible. 

Numerous reports have applied identical methods of reproduction only to report huge 

variation in the severity of disease produced, ranging from substantial levels of 

mortality, to the absence any intestinal lesions or clinical presentation (Olkowski et al., 

2006). 

Due to the multifactorial onset of this disease there are many factors that must be 

considered when designing field trials, that may alter the success rate of disease 

induction (Lanckriet et al., 2010). Many of these factors are related to the selection the 

C. perfringens strain, such as the expression of the NetB toxin which is considered to 

be the essential virulence factor (Keyburn et al., 2008), studies have also demonstrated 

the efficacy of TpeL toxin expression to enhance the virulence of the chosen strain 

(Coursodon et al., 2012). Within the literature there is reasonable evidence to 

demonstrate the effectiveness of a younger (15 hour) FTG broth culture in comparison 

to a 24 hour culture when attempting to reproduce disease (Thompson et al., 2006). 

Many studies have implemented the use of coccidial infection or high protein diets in 

order to predispose the broilers to NE, these factors are not believed to be essential 

for the induction of disease, however, they can alter the severity of the resulting NE 

(Prescott et al., 2016). In this study, there was no use of predisposing factors when 

challenging the larvae which could have potentially led to a reduction in severity of the 

disease. 

The reference strain, ATCC 13124, was shown to be avirulent towards G. mellonella 

larvae, producing no visible signs of melanisation or causing mortality in any of the 

challenged individuals. This result was similarly reported by Kay et al. (2019) who 

stated that larvae challenged with 105 CFU of ATCC 13124 were also unable to 

consistently establish disease. This study reported no visible blackening of the cuticle 
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and a 95% survival rate when larvae were challenged with this particular isolate. The 

result produced by this isolate is unlikely due to the human origin, as the same study 

reported successful induction of disease in larvae that were challenged with an 

identical dosage of isolates of neonatal human origin (Kay et al., 2019). 

This unexpected ability of the commensal strains to induce a more severe form of 

disease than clinical isolates, coupled with the inability of ATCC 13124 to induce 

disease could suggest a potential host specificity of C. perfringens isolates. All isolates 

utilised throughout this study originated from chickens, or the environment in which 

they were reared (excluding the reference strain which was of human origin). This 

could result in an altered disease progression within a different species, in this case G. 

mellonella. This has been previously theorised, one study showed two strains isolated 

from cases of haemorrhagic enteritis in calves were ineffective in the production of 

necrotic enteritis using an avian intestinal loop model (Timbermont et al., 2009). 

The G. mellonella larval model is still in its relative infancy, and as a result there are still 

limitations associated with its use. The larvae are often sourced from pet food retailers 

due to a lack of standardised stock centres. This therefore results in variability of 

rearing conditions between batches and suppliers, which could consequently affect 

downstream investigation and can also be linked to an inherent variance in immune 

response between individuals (Cook and McArthur, 2013).  

Until recently there was no available whole genome sequence of the G. mellonella 

larvae, unlike similar alternative models such as C. elegans and D. melanogaster which 

have been sequenced and analysed in detail. This therefore results in a lack of 

genomic manipulation tools that are required to carry out more in depth genomic 

studies, such as mutation studies. However, the whole genome was sequenced in 

2018 which allows the potential for research into the development of these basic 

manipulation tools (Lange et al., 2018). 

A further limitation posed by the use of the G. mellonella model is the lack of a system 

analogous to the adaptive immune system possessed by all vertebrates, including 

broilers (Mowlds et al., 2008). Additionally there is no evidence to suggest whether the 
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virulence of C. perfringens within the G. mellonella larvae is comparable to the effects 

described in vertebrates.  

Despite the G. mellonella model successfully demonstrating the significant difference 

of morbidity levels between the distinct cohorts, there is no correlation between the 

isolates that produced high melanisation scores and those that had a high haemolysis 

value, rapid generation time or were able to form a moderate to strong biofilm. 

However the lack of correlation between isolates that had high haemolytic capability 

and morbidity within the G. mellonella model is unsurprising due to the larvae lacking 

erythrocytes (Pereira et al., 2018). This suggests that the use of the G. mellonella 

model is not suitable when investigating the virulence of C. perfringens. 
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5 Conclusion 

Since the ban on the use of AGPs within the poultry industry in the European Union, 

the number of cases of necrotic enteritis has seen a dramatic increase, consequently 

costing the poultry industry US$6 billion, annually. The disease is multifactorial and 

complex in nature, resulting in difficulties in experimental reproduction and huge 

variation in the results that are reported within these trials. The causative bacterium is 

C. perfringens, a Gram-positive, ubiquitous species that is found commensally within 

the gastrointestinal tract, indicating the presence of the bacterium within the 

gastrointestinal tract of chickens does not solely result in disease. The induction of 

disease requires a displacement of commensal strains with those that are able to 

induce the disease, which consequently over-proliferate within the gastrointestinal 

tract. A newly discovered toxin of C. perfringens, NetB, was shown to fulfil Koch’s 

molecular postulates and was subsequently regarded as the essential virulence factor 

in the induction of avian NE.  

Within this study, a total of 38 isolates were sourced from poultry or their associated 

environment and one isolate that was of human clinical origin, included as a reference 

strain. Isolates were either classified as commensal or clinical based upon prior 

association to disease. Each isolate was successfully characterised through a series of 

investigations, including; toxin typing, growth kinetics, biofilm production capability 

and haemolytic capability. Genotypic characterisation of these isolates highlighted 

differences between the distinct cohorts, notably the presence of the netB gene was 

restricted to isolates in the clinical cohort. Of the phenotypic traits that were 

investigated in this study, it was shown that biofilm production could successfully 

identify virulent isolates, due to the significant differences between the commensal 

and clinical cohorts within both tests. The results of the biofilm assay suggest that 

clinical isolates are more commonly able to form moderate or strong biofilms 

compared to commensal which is theorised to be attributable to the increased 

resistance to environmental stress factors and antimicrobials of bacteria within 

biofilms, which poses an advantage to pathogenic bacteria that are capable of causing 

disease. Growth kinetics and haemolytic capability were not shown to be significantly 
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different between the distinct cohorts which would suggest these traits are not good 

predictors of virulence within these specific isolates of C. perfringens.  

The isolates were then subsequently tested in vivo using the G. mellonella larval 

model, to identify whether any of the traits tested previously could predict the 

virulence of an isolate in vivo, exhibited by differences in morbidity and mortality 

between the cohorts. The use of this model demonstrated significant differences in 

morbidity between the commensal and clinical cohort, however, the mortality rates did 

not differ significantly between the cohorts. 
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6 Further Work 

To further enhance the results reported within this study there are a number of 

additional investigations that would provide supplementary information regarding 

these specific isolates of C. perfringens. One such experiment would be to identify the 

distribution of the ccpA and pilA-D and pilT genes within all isolates included in this 

study. These genes encode the CcpA and type IV pilus proteins, respectively. The 

expression of these proteins is reported to enhance biofilm formation and therefore, 

may be present in the isolates that demonstrated the ability to produce strong 

biofilms. 

Additionally, further enhancement of the novel haemolysis assay described in this 

study may provide an insight as to the extent that PFO is essential to cause 

haemolysis. This could be carried out using a pfoA knockout mutant or gene silencing. 

Alternatively the use of pfoA antibodies would be less challenging whilst yielding 

similar results. These methods would effectively demonstrate whether PFO is the 

cause of the haemolysis described within this study or whether multiple factors are 

required for successful haemolysis. In order to demonstrate whether expression rates 

differ between isolates, the use of qPCR or an ELISA assay could be implemented. 

However, these particular methods were out of the scope of this investigation due to 

the high cost that would be incurred along with the lengthy development time 

associated with complex methods such as these. 
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Appendix A 

Media Preparation 

Tryptose Sulphite Cycloserine Agar 

Perfringens agar (Oxoid, UK) was weighed out to 23 grams, this was dissolved in 

500mL of ddH2O and sterilised. A cycloserine supplement (200µg/mL) (Fisher 

Scientific, UK) was dissolved in 2mL of ddH2O and once the agar was cooled to ~37ºC 

the supplement was incorporated. Poured agar plates were stored at 4ºC. 

Brain Heart Infusion (BHI) Agar 

Brain heart infusion broth (Oxoid, UK) was weighed out to 18 grams, 5 grams of agar 

(Alfa Aesar, UK) was added and the powders were dissolved in 500mL of ddH2O. The 

media was sterilised. Poured agar plates were stored at 4ºC. 

Blood Agar (5% [v/v]) 

Brain heart infusion agar was made (See BHI Agar). An aliquot of 5% [v/v] defibrinated 

horse blood (Fisher Scientific, UK) was transferred into a sterile 50mL centrifuge tube 

and subjected to centrifugation at 1,000 x g for 10 minutes, at 4ºC. The resulting 

pellet was washed 3 times in sterile PBS (See PBS) before re-suspending to the original 

volume using PBS. Once the agar had cooled the blood was then incorporated. 

Poured agar plates were stored at 4ºC.  

Fluid Thioglycollate Broth (FTG) 

In a 500mL beaker, 14.5 grams of fluid thioglycollate broth (Oxoid, UK) was weighed 

out and dissolved in 500mL of ddH2O. The media was aliquoted into 10mL volumes 

before being heat sterilised. Sterile media was stored at room temperature. 

Brain Heart Infusion (BHI) Stocking Media 

In a 100mL media bottle, 2.5 grams of BHI broth was weighed out and dissolved in 

70mL of ddH2O. Glycerol (ACROS Organics, UK) was added in a 30mL aliquot before 

sterilisation. The media was stored at room temperature. 
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1X TAE Buffer 

In a 1L media bottle, 242 grams of tris base, 18.61 grams of Disodium EDTA and 60 

grams of acetic acid were weighed out (Fisher Scientific, UK). This mixture was then 

diluted in 1L of ddH2O. The final concentrations were 40mM Tris, 20mM acetic acid, 

1mM EDTA. 

1.5% Agarose Gel 

In a 100mL media bottle, 1.5 grams of agarose (Fisher Scientific, UK) was weighed and 

dissolved in 100mL of ddH2O. This was then heat sterilised. 

0.1% Peptone Water 

In a 500mL media bottle, 0.5 grams of bacteriological peptone (Oxoid, UK) was 

weighed and dissolved in 500mL of ddH2O before heat sterilising. The media was 

stored at room temperature. 

1X Phosphate Buffered Saline (PBS) 

In a 1L beaker, 8 grams of sodium chloride (Fisher Scientific, UK), 0.2 grams of 

potassium chloride (MP Biomedicals, UK), 1.44 grams of sodium hydrogen phosphate  

and 0.24 grams of potassium hydrogen phosphate (ACROS Organics, UK) were 

weighed out and subsequently dissolved in 800mL of ddH2O. The solution was 

adjusted to pH 7.4. Distilled water (ddH2O) was added to a final volume of 1L (final 

concentrations; 137mM NaCl, 2.7mM KCl, 10mM NaH2PO4 and 1.8mM KH2PO4, 

respectively). The solution was subjected to heat sterilisation. The solution was stored 

at room temperature. 

Sterilisation of Media 

All media was sterilised by heating to 121ºC for 15 minutes unless stated otherwise 

(Top Loading Autoclave; Astell, UK). 
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